Introduction
The natural variability of environmental conditions may influence the exposure of non-target organisms to pesticides due to differences in, among others, climate and soil characteristics (Chelinho et al., 2011; De Silva et al., 2009; Domene et al., 2011) . As such, in the new regulation concerning the placing of plant protection products on the market (ECR, 2009) , the European Union established three zones (North, Centre and South) in Europe, making exposure scenarios for the environmental risk assessment of pesticides more realistic according to specific edapho-climatic conditions. Under Mediterranean conditions (South), pesticide driven surface water contamination is mainly related to soil erosion and runoff ensuing from rain events (Tarazona, 2005) . This becomes of great importance when looking at specific contamination pathways of pesticides in the soil-water interface of agricultural fields due to site hydrology, as well as agricultural irrigation and rain (Berenzen et al., 2005) . Therefore, the need to study pesticide behaviour under realistic exposure scenarios in Mediterranean conditions is of paramount importance, also due to the scarcity of information on pesticide fate under natural environment and their effects on biota for this region (Daam et al., 2011) .
Extrapolating results from laboratory experiments to the field scale under outdoor conditions adds uncertainty to environmental risk assessment (Boesten and Gottesbüren, 2000; Bouraoui, 2007) . This has encouraged the use of different methodologies to assess pesticide fate in soil and routes of entry into the aquatic compartment and their effects on the biota. To address this knowledge gap, a semi-field crop-based experiment using a soil-water simulator was performed in the present study. This soil-water simulator was developed in a previous study (Chelinho et al., 2012) , and its use under controlled conditions decreases variability in collected data which is often observed in field experiments, while maintaining the natural characteristics of the system under realistic field exposure conditions (e.g. soil type, slope, climatic condition, irrigation). With this approach, the environmental risk of pesticide applications can be assessed for a particular agricultural area in an integrated way, taking into account not only the soil compartment but also specific soil-water transfer pathways such as leaching and runoff and soil elutriates as a measure of soil retention capacity, i.e., the potential of contaminants to be mobilized into aquatic systems through soil (Chelinho et al., 2012) .
In the present study, this semi-field methodological approach was applied to simulate the application of the pesticide ethoprophos on two irrigated crops (maize and potato) under a realist "worst-case" of possible misuse by the farmers in a major agricultural area of Central Portugal (Ribatejo) under Mediterranean conditions (39122'57.79″N 8132'57.35″O) .
Potential pesticide contamination of water bodies is of paramount importance for this area due to its proximity of the UNESCO biosphere reserve "Paul do Boquilobo", which contains surface waters that are of great importance for bird conservation and biodiversity protection (ICNF, 2013) . This reserve is in the vicinity of a hydrogeologically vulnerable area where several pesticides have been detected in surface and ground waters at concentrations that may be expected to lead to environmental side-effects (Silva et al., 2012a (Silva et al., , 2012b .
The objectives of the present study were: (i) to assess the fate of ethoprophos in the soil-water interface focusing both on transfer pathways from soil to water compartments through leaching, run-off and soil elutriates and on the mobility within the pesticide application and non-application areas by performing pesticide applications mimicking realistic field conditions; (ii) to assess the pesticide ecotoxicological effects of soil samples from both crops areas (crop row and between rows) to terrestrial biota, by performing reproduction assays with the collembolan Folsomia candida and the earthworm Eisenia andrei, and of the different water matrices (leachates, runoff and soil extracts) to aquatic organisms by performing lethal and sublethal toxicity assays with the standard cladoceran species Daphnia magna; and (iii) to compare and link exposure and ecotoxicological results from soil and water samples, herewith assessing the relative importance of the different soil-water transfer pathways (leaching, runoff and elutriates) for risk assessment of water compartments.
Materials and methods
An experimental semi-field methodology using natural soil was performed to mimic a crop-based pesticide application under a "worst-case" field scenario.
As "worst-case", an application of twice the recommended dosage established in Portugal for ethoprophos formulated product, as representing a possible misuse by the farmers, was assumed.
Pesticide characterization
The pesticide ethoprophos (CAS 13194-48-4 ; O-ethyl S,S-dipropyl phosphorodithioate) is registered in Portugal for use as an insecticide in maize crop and as a nematicide in potato crop. Ethoprophos is a broad spectrum organophosphate nematicide and insecticide with moderate residual activity and is not phytotoxic (MacBean, 2012; Karpouzas and Walker, 2000) . It acts as an acetylcholinesterase inhibitor and is a non-systemic nematicide and soil insecticide with contact action (MacBean, 2012) . It is effective against potato nematodes (Globodera rostochiensis (Wollenweber) Behrens, G. pallide (Stone) Behrens) and should be applied before potato planting. The pesticide is effective against soil insects (Agriotes spp., Agrotis spp. and Melolontha spp.) on maize crop (Karpouzas and Walker, 2000) and is applied at the planting stage. Ethoprophos has high solubility in water (700 mg L (Frampton et al., 2006; Maltby et al., 2005) . In fact, adverse effects of ethoprophos on the abundance and biomass of earthworms are known. Potter et al. (1994) observed a reduction in both endpoints of more than 80% observed three weeks after the application of 5.6 kg a.i. ha À 1 of Mocap10G in turf soil.
Soil-water simulator experimental setup
A stainless steel transportable soil flume system of 0.4 m 2 (from here onward referred to as soil-water simulator -SWS), with a controllable depth (maximum of 100 Â 40 Â 20 cm 3 ; length, width and height, respectively), with two articulated perforated platforms that can move independently allowing to work under different slopes was used (see Chelinho et al. (2012) for additional details). This apparatus allows the collection of soil and water samples and the evaluation of the exposure and the effects on both terrestrial and aquatic compartments. The experimental design followed in the present study consisted of three SWS that were setup in a horizontal position to guarantee the same conditions of pesticide fate in the entire area: one was used as the Control with no pesticide application (Control SWS), and the two others under the established scenarios of ethoprophos applications on maize (Maize SWS) and potato (Potato SWS) crops, respectively.
The natural soil used in the experiment was a sandy clay loam soil from an agricultural area at Ribatejo (Central Portugal) that had never been cultivated. The soil was a Eutric cambisol (EuDASM, 2012) and was tested for the absence of pesticide residues using a multi method ASU L 00.00-34 GC detection analysis (ASU L, 1999) , validating its use as reference soil. Prior to the experiment, the uppermost soil layer (top 15-20 cm) was collected and major stones and vegetation were manually removed. The soil was immediately characterized by evaluating its pH (5.0; 1 M KCl) (ISO, 1994) , moisture content (5%), water-holding capacity (35.9% dry weight; ISO, 1998), organic matter content (5.74%; dry combustion ISO, 1995) and particle size distribution (54.4% sand; 22.1% silt and 23.5% clay; Hydrometer of Boyoucos, Internal Method) and soil texture (sandy clay loam; Pierzynski et al., 2000) . In addition, cation exchange capacity, sum of base exchange, degree of base saturation, and chemical parameters (total elements) were assessed by an independent laboratory (Supplementary Material - Table 1 ). The soil was air dried and preserved at room temperature till SWSs setup. The experiment was prepared by setting up the SWSs, placing first a 5-cm layer of glass beads (1 cm diameter) at the bottom of each of the three SWS platforms to avoid clogging and facilitate leachate percolation. On top of the glass beads, a 15-cm layer of soil was placed up to the edge of the platforms so that the SWS frame would not pose as an obstacle during the runoff event. The soil was left to settle and stabilize its structure for 30 days to become similar to the field soil as much as possible. After this, the soil was prepared with daily irrigation to maintain its moisture, by daily sprinkling 7.1 L m À 2 of water for 7 days, according to irrigation practices used in that area of Portugal.
All SWSs setup and the experiment were performed in a greenhouse with natural sun light. Air temperature and humidity were registered daily through the experiment using a RH/Temp DATA Logger EL-USB-2T, whereas soil pH and moisture in all SWS were registered before each irrigation with a Kelway Soil Tester (Kelway soil s acidity and moisture tester Model HB-2).
Crop-based simulations
The experiment started with the insecticide application (day 0) at twice the recommended dosage (2RD) for the two crop-based scenarios: Maize SWS and Potato SWS. Ethoprophos was applied directly to the soil as granules (GR) containing 10% w/w active ingredient (a.i.), using the formulated product (f.p.) MOCAP 10G
s (biological efficacy period of 2-4 months) at 2RD for maize: 25 kg f.p. ha À 1 (2.5 kg a.i. ha
) and potato crop: 200 kg f.p. ha À 1 (20 kg a.i. ha À 1 ). In the Maize scenario ethoprophos was applied together with maize grains (FAO600 PR33Y74), during seeding stage. Individual grains were planted every 17 cm at 1-cm depth, mimicking field seedling, along a line (R) in the middle of the SWS length, leaving at the sides two areas where no pesticide was applied (BR) (Fig. 1A) . Under the potato scenario, no potatoes were placed on the SWS because the pesticide is applied before planting. The Potato SWS area was divided in two equal areas, where the same pesticide dosage was applied, but with different spatial distribution (Fig. 1B) . This was performed to attain the volume of soil needed for the terrestrial ecotoxicity assays (i.e., evaluate pesticide effects on soil biota), while maintaining the required soil area to perform the simulation of a runoff event at the end of the experiment by placing the SWS at the requested slope (see below). At the soil sampling area (upper half of the simulator slope positioned during rain event at the end of the experiment), ethoprophos was applied in a strip of 20-cm width Â 50-cm length, mimicking crop application row (R), and incorporated into the soil at a depth of 5 cm by mixing the soil. The remaining area (20-cm width Â 50-cm length) corresponded to the area between crop rows where no pesticide was applied (BR). For the simulation of the rainfall at the lower half of the Potato SWS, ethoprophos was applied on four equidistant points at a depth of 5 cm and covered with soil in order to allow the pesticide to disperse along the soil column (Fig. 1B) . Pesticide application at both crop-based scenarios took place in the morning, followed by irrigation in all three SWS in late afternoon. Leachates were collected after a waiting period of 30 min. The same irrigation procedure and leachate collection continued daily for the following 9 days after the pesticide application. All leachates were kept separately at 4-6 1C in glass vials in darkness until used for bioassays and analysis of pesticide residues.
The experiment ended ten days after the insecticide application with the simulation of a rainfall of 41.6 L m À 2 to assess potential surface water contamination through runoff. A sprinkler was used under a SWS slope of 201 to mimic the study site. The value of 41.6 L m À 2 was in accordance with the highest monthly precipitation during the time when the product must be applied, as observed in the year of 2010 (IM, 2010) . To obtain the precipitation value for one day, the monthly precipitation value was divided by three to simulate the rainfall that took place in 2010 in just three days. A stock solution of 1 L of artificial rain water was prepared according to the Standard Technical Procedure for Terrestrial Model Ecosystems (Sousa et al., 2004) , with distilled water and a mixture of nutrients [(NH 4 ) 2 SO 4 -925 mg; NaCl -386 mg; CaCO 3 -200 mg; MgSO 4 -180 mg; KCl -37 mg; KH 2 PO 4 -14 mg; NaNO 3 -40 mg; HNO 3 (3.5 M) -2.0 ml and HCl (1.0 M) -1.0 ml]. The rainfall was performed on the lower half of all three SWS ( Fig. 1 ) by isolating the upper half soil with plastic sheets placed in vertical till the glass beads level, so that no water would get in contact with the soil. Runoff waters resulting from the rainfall were kept in glass vials at 4-6 1C in darkness until used for bioassays and analysis of pesticide residues. After the rainfall simulation, soil samples from the isolated upper half of all three SWS (Control SWS and R and BR areas for Potato and Maize SWS) were collected from the upper 10-cm soil layer as composite samples for pesticide analysis and ecotoxicity bioassays. Soil samples for pesticide residue analysis were frozen to À 20 1C until laboratory extraction and analysis through liquid extraction/ cleanup followed by gas chromatography/mass spectrometry (LE/GC-MS), with a limit of quantification (LOQ) of 0.03 mg kg À 1 (ASU L, 1999). Soil samples for elutriates and terrestrial ecotoxicity bioassays were kept at 4-6 1C in darkness for 24 h until use. Ethoprophos residues were analyzed in all water matrices (leachates, runoff and elutriates from soil at R and BR areas) from the two crop-based scenarios through liquid chromatography tandem mass spectrometry (LC-MS/MS) with a LOQ of 0.05 mg L À 1 (DIN, 1993; ISO, 2000) . All pesticide residue analyses in soil and water samples were performed by an independent laboratory.
Terrestrial ecotoxicity evaluation
Terrestrial ecotoxicity assays were performed with collembolan and earthworms, two invertebrate groups that are important for soil functioning (Lavelle and Spain, 2001 ). Moreover, the species used (Folsomia candida and Eisenia andrei) are widely used to evaluate the effects of different contaminants and used as standard organisms in terrestrial risk assessment (Tiepo et al., 2010; SANCO, 2002) . In order to select the species to be used in this experiment, a study to determine the 50% effect concentration on terrestrial invertebrates using ethoprophos as active ingredient was performed for three standard soil species according to International Guidelines (ISO, 1998 (ISO, , 1999 (ISO, , 2004 , using the same natural soil as in the present experiment (Leitão et al., 2014) previously calculated) used on both crop-based experiments and the established soil depth of 15 cm for all SWS (ha ¼1875000 kg dw soil), the expected concentrations of ethoprophos as active ingredient per kg of dry weight (dw) soil after the application of 2RD for Maize scenario would be 1.34 mg a.i. kg dw soil) for Potato SWS scenario. On the basis of this information the collembolan Folsomia candida and the earthworm Eisenia andrei were selected as test organisms. Sublethal assays with these two species were performed according to the International Guidelines referred above for all soil samples from both cropbased scenarios including soil from crop row (R) and between crop row (BR) areas at 2RD (100% (v/v)). Four replicates were used in each of the F. candida and E. andrei assays. To assess the effect of the recommended dosage (RD) on soil biota, a concentration of 50% (v/v) was attained by mixing soil from Maize and Potato SWS (100% (v/v) concentration) with soil from the Control SWS in a 50:50 ratio, for each crop-based scenario. The ecotoxicological assays controls were performed using natural soil from the Control SWS where no pesticide was applied. Collembolan and earthworm reproduction inhibition was accounted for in juvenile numbers after 4 and 8 weeks test duration, respectively. Collembolan adults were registered and adult earthworm biomass was also measured after four weeks of exposure. Bioassays results were analyzed using one-way analysis of variance (ANOVA) to assess effects among the two study areas (R and BR) compared to the Control for each SWS crop scenarios (Potato and Maize) and for the 50% and 100% (v/v) concentrations which mimic the RD and 2RD, respectively. The assumptions of normality and homogeneity of variance were checked using Shapiro-Wilkinson and Bartlett's test, respectively. Post-hoc comparisons (Dunnett's test) were applied to verify the existence of significant differences from the Control.
Water samples and aquatic ecotoxicity evaluation
Three kinds of water samples were used for the ecotoxicity evaluation toward aquatic organisms. At the end of the experiment, a leachate composite sample representative of each SWS (Control, Maize and Potato) was prepared by mixing the leachates collected each day. The latter were left to settle at 4 1C and then decanted so that only a representative sample of the soluble fraction of the pesticide was used. Runoff water samples collected after the simulated rain (day 10) were centrifuged (20 min at 2422 Â g) at room temperature for suspended solids removal so that they would not interfere with the cladoceran feeding (Friberg-Jensen et al., 2010) . The supernatant was collected and deep frozen at À 20 1C to inhibit bacterial growth until used (Gao et al., 2006) . To evaluate the toxicity toward aquatic organisms of the pesticide water soluble components in the soil pore water, elutriates from R and BR soil areas of the crop-base scenarios and of the Control SWS were prepared according to DIN 38 414-S4 (1984) . For this, a mixture of soil and ASTM reconstituted hard water (1:10 ratio, w/v, based on soil dry weight; OECD, 1998) was shaken in a magnetic stirrer during 24 h, centrifuged as described above and the supernatant collected as elutriate and stored at 4 1C in the dark until use.
All aquatic assays were conducted on the single leachate and runoff sample originated from each SWS (Control, Maize and Potato), on one elutriate sample from the Control SWS and two elutriate samples from each of the two pesticide SWS scenarios (Maize and Potato), prepared from the R and BR soils, as described above. Aquatic assays were conducted with the cladoceran Daphnia magna, a standard organism used in aquatic risk assessment. All water samples from the three SWS treatments (Control, Maize and Potato) were tested at least at 100% (v/v) and 50% (v/v) concentrations as an estimate for the potential effect that could be expected at the 2RD and RD of the insecticide, respectively, and also at 25% (mimicking 1/2RD) to increase the likelihood of discriminating toxic effects between the two crops. This procedure was also adopted for the Control SWS to discriminate other potential stress factors associated to the matrix, from those resulting from the pesticide application (e.g. turbidity).
Lethal assays were performed by determining the inhibition of the mobility of D. magna exposed for 48 h according to the Daphtoxkit F™ Magna (2000) protocol using the following gradient concentration range for each type of water sample: 6.25; 12.5; 25; 50 (RD) and 100% (v/v) (2RD). Additionally, a standard test Control was performed with standard growth medium according to the protocol for test validity assessment (Daphtoxkit F™ Magna, 2000) . Test organisms were incubated at 19-21 1C with a 14:10-h light:dark cycle, no food was provided and no medium renewal was performed. Lethal results were analyzed for percentage of effect and, if possible, LC 50 and 95% confidence intervals were calculated according to ISO 6341 (2012) and using the Trimmed Spearman-Karber method (Hamilton et al., 1977) .
To assess ethoprophos sublethal effects, a 21-days D. magna reproduction assay was performed for each water sample, which consisted of a standard Control plus the 100%, 50% and 25% (v/v) concentrations, according to the OECD guidelines (OECD, 1998) . A standard test Control was also performed with standard growth medium according to the guidelines for test validity assessment (OECD, 1998) . For each treatment, ten replicates, each containing 50 mL of test solution and one neonate less than 24 h old were used, which were incubated at 19-21 1C with a 14-h:10-h light:dark cycle and organisms were fed daily with an algae suspension. Because of the severe lethal effects that occurred after an exposure period as short as 72 h, the only test endpoint possible to evaluate under the conditions established for a sublethal assay was mortality. Survival results were evaluated by one-tailed Fisher's exact test (Microsoft Office Excel) for significant differences (po 0.05) in mortality between the Control SWS and the respective pesticide concentrations (2RD, RD and 1/2RD).
Results and discussion

Air and soil measurements
Indoor air temperature during the experiment was 17.87 3.3 1C and relative humidity was 70.67 10.5% (mean values 7standard deviation). Daily soil pH and moisture measurements (% relative saturation) on each of the SWS are presented in Table 1 .
Ethoprophos fate in soil and water samples
Ten days after ethoprophos application in the crop-based "worst-case" scenario and daily irrigation, only soil from the row area (R) of Potato SWS scenario showed pesticide residues above the LOQ at 10.5 mg a.i. kg À 1 dw soil (Table 1) . These observed results in the potato scenario are in agreement with the predicted environmental fate distribution showing a high affinity to the soil compartment (see Section 2.1). In fact, this residue concentration corresponds to 99.1% of the expected concentration in soil after one application of 2RD for potato crop (10.6 mg a.i. kg À 1 dw soil).
At the Maize scenario no pesticide residue was detected in soil possibly due to the dosage against soil insects being ten times lower than that for potato nematodes (see Section 2.3) and also due to ethoprophos high solubility in water and low soil sorption (see Section 2.1). This strong soil sorption behaviour observed in the present study with a sandy clay loam natural soil has also been documented for sandy loam soils (Dowling et al., 1994; Smelt et al., 1977) and sandy soils (Boesten and Van der Pas, 2000; Bouraoui, 2007) . Under field conditions, ethoprophos dissipated with a DT50 of 28 d in studies using the same formulated product and recommended dosage as the present study in a sandy loam soil (Boesten and Van der Pas, 2000) . A similar DT50 of 22 d was also observed in a natural sandy soil and losses were attributed mainly to volatilization (Boesten and Van der Pas, 2000; Tiktak, 2000) since ethoprophos has potential to volatilize (see Section 2.1). Taking into account the observed ethoprophos fate results in soil at the potato scenario, movements to the water compartment would not be likely to occur (Smelt et al., 1977; Tiktak, 2000) . However, ethoprophos residues were detected in all water samples from both crop-based scenarios. This movement to the water compartment may be explained by the insecticide physicochemical characteristics and GUS value showing a possible potential for leaching (see Section 2.1). Elutriates from the soil pesticide application area (R) showed the highest ethoprophos concentrations (130 μg L À 1 for Maize and 2200 μg L À 1 Potato SWS scenarios) followed by leachates and finally the runoff with values of 44
for Maize and 19 μg L À 1 for the Potato SWS scenarios (Table 1) .
Ethoprophos was also detected in elutriates from BR area soil of both crops where no pesticide was applied (Table 1) , which indicates that the insecticide moved away from where it was applied to the surrounding area. These observed higher values of ethoprophos concentration in leachates than in runoff waters at both crop-based scenarios showing a leaching capacity to groundwater, have also been described in studies on arable fields in Italy also under Mediterranean conditions (Garratt et al., 2002) . Ethoprophos degradation in water under natural environmental conditions is not likely to occur given that no chemical hydrolysis (DT50 water 4365 days at 25 1C and pH 7) or photodegradation (stable to photolytic breakdown) are expected (EFSA, 2006) . Environmental fate models have only been predicting the strong sorption behaviour of ethoprophos in soil, not considering other factors that may influence this behaviour, such as water flows (e.g. irrigation), while pesticide leaching models tend to indicate that the leaching potential of ethoprophos is negligible (Garratt et al., 2002; Pistocchi, 2010; Tiktak, 2000) . By combining the current fate results of ethoprophos in soil (strong adsorption) and water (leaching potential), the present study emphasizes the need to use different methodologies (semi-field) to better illustrate realistic pesticide contamination pathways and validate pesticide fate and behaviour between several environmental compartments, namely soil and water compartment. 
Linking exposure and effects on biota and evaluation of potential environmental risk
All terrestrial and aquatic assays proved to be valid according to the respective test validity criteria as recommended in the respective ISO guidelines and protocols described above (see Sections 2.4 and 2.5).
In the aquatic lethal assays, leachate from the 100% Control SWS caused low mortality of 15% as well as elutriate with 5%. However, runoff samples from Control SWS caused 40% lethality at the 100% concentration, while the 50% Control SWS concentration caused a low mortality of 5%. Therefore, for leachates and elutriates the Control SWS results, rather than the assay standard Control with reconstituted artificial medium, were used to calculate the lethal toxicity parameters. Runoff samples from both cropbased scenarios were only assessed for the concentration gradient of 6.25-50% due to the high mortality observed with the Control SWS runoff (which would preclude discriminating effects due to the pesticide from other effects associated to the runoff). At the aquatic 72-h exposure assay under the conditions of a sublethal assay, the Control SWS leachate and runoff samples caused a lethal effect after 48 and 72 h at the 100% concentration (50% and 90% mortality, respectively, for leachates and 100% mortality after 48-h exposure for runoff). Therefore, effects due to the pesticides via leachate and runoff can only be evaluated after 24 h for all concentrations and up to 72 h for all (25% and 50%) except the 100% concentration. On the contrary, no mortality was registered for the Control SWS elutriates, and thus effects due to the pesticides via elutriates were assessed for all three concentrations up to 72-h exposure.
Maize crop scenario -terrestrial biota and soil compartment
Although no pesticide residues were detected above the limit of quantification (LOQ ¼ 0.03 mg kg À 1 ) in any soil sample from the maize crop-based scenario simulation (Table 1) , significant effects on non-target terrestrial organisms were observed. The soil collected at crop row area (R) where the pesticide was applied, caused significant effects on collembolans reproduction (1-way ANOVA: F 8,27 ¼155.4, p o0.001; Dunnett's test: p o0.05), with a 100% mortality of adults and consequently with no offspring at the assumed recommended dosage (RD) and 2RD (50% and 100% concentrations, respectively; Fig. 2 ). Earthworm reproduction was also significantly inhibited (1-way ANOVA: F 8,27 ¼ 12.3, po 0.001; Dunnett's test: p o0.05) in soil from R area at both tested concentrations mimicking the RD and 2RD (Fig. 3) . Although there is a lack of information on effects of ethoprophos on non-target terrestrial species, these results are in agreement with the previously calculated ethoprophos EC 50 of 0.027 mg a.i. kg À 1 dw soil for collembolan using the same natural soil (see ), suggesting that the observed pesticide toxicity to earthworms may have been influenced by the characteristics of natural soil and of realistic environmental conditions (EFSA, 2009; Lanno et al., 2004) .
Soil from the BR area showed significant effects (1-way ANOVA: F 8,27 ¼ 67.1, p o0.001; Dunnett's test: p o0.05) at the 100% concentration corresponding to the applied 2RD on adult collembolan survival (30% mortality) and number of juveniles (40% inhibition) (MBR100%, Fig. 2 ). However, no significant effects on collembolan reproduction were observed at the RD (50% concentration), with a small increase of juveniles relatively to the control being observed (Fig. 2) . Significant negative effects were also observed on earthworm reproduction (1-way ANOVA: F 8,27 ¼ 12.3, po 0.001; Dunnett's test: p o0.05) in soil from BR area at both concentrations tested (Fig. 3) . Adult earthworms biomass after four weeks exposure to soil from both areas (R and BR, Fig. 3 ) was not significantly different from the control (Dunnett's test: p4 0.05). Even though ethoprophos is most probably redistributed more strongly in the vertical direction rather than in the horizontal direction (Smelt et al., 1977) , when using the same formulations as the present study, the fact that significant effects on collembolan and earthworms, at 2RD and assumed RD, were observed in the area where no pesticide was applied, indicates that the pesticide also moved horizontally from the applied area to the surroundings due to water flows caused by irrigation (Berenzen et al., 2005; Garratt et al., 2002) .
As mentioned above, significant effects on the tested organisms were observed, although no pesticide residues were detected in soil. Other stressors that may have influenced the observed toxicity are factors associated to the use of formulated product itself and metabolites. However, the formulated product used (MOCAP 10G s ) does not have any other toxic additional components than the active ingredient itself (Certis, 2011) and ethoprophos does not degrade in soil in any environmental relevant metabolites (EFSA, 2006) . Only a minor metabolite is identified (O-ethyl-S-propylphosphorothioic acid -AE 0592496) that degrades into CO 2 and un-extractable residues as final degradation products (EFSA, 2006) , and for which there is a lack of information on environmental toxicity.
Maize crop scenario-aquatic biota and water compartment
The absence of toxicity towards D. magna of leachate waters simulating a groundwater contamination pathway (Table 2) , at the assumed 1/2RD and RD after 48-and 72-h (one-tailed Fisher's exact test: p 40.15) exposure and at 2RD after 48-h exposure (a maximum of 40% immobilization was observed) is in agreement with the reported value of 48-h LC 50 ¼ 200 mg L À 1 for D. magna (EFSA, 2006) , given that the latter is higher than the pesticide concentration of 130 mg L À 1 (Table 1 ) measured in the present study. The same situation occurred with runoff waters simulating surface water contamination pathway, which after 48-and 72-h (one-tailed Fisher's exact test: p 40.15) exposure at the assumed RD did not cause significant lethality and for which the measured concentration of ethoprophos in water was lower (44 mg L À 1 ) than that of the leachate (Table 1) . Unexpectedly, runoff resulting from the Control SWS scenario caused high mortality of D. magna in the 48 and 72-h exposure assays at the 100% concentration simulating the 2RD (see Section 3.3). However, given that Control SWS elutriate samples were also prepared by centrifugation to remove excess suspended soil particles and showed negligible mortality (see Section 3.3), a negative effect due to the suspended solids originated from the natural soil towards D. magna may be dismissed as the cause of this additional stress (Friberg-Jensen et al., 2010) . Possibly, the deep freezing of the runoff samples for approximately one week was not enough to control the presence of bacteria and fungi originated mainly from the top soil and thus expected in higher amounts in runoff than in elutriates or leachates (Gao et al., 2006) . Toxicity towards aquatic life with elutriates from soil in R area where ethoprophos was applied and between these areas (BR; Table 2 ) differed from the terrestrial toxicity results, where both areas proved to be toxic for collembolan and earthworms reproduction (see Section 3.3.1). No effects on D. magna were observed with elutriates from the BR area soil after 48-and 72-h exposure at all tested concentrations as expected (Table 2) , since this water sample showed the lowest pesticide concentration (6.7 μg L À 1 ) among all water samples. In spite of no observed toxicity after 24 h of exposure with elutriates from the R area, a significant toxicity towards aquatic life was observed after 48-and 72-h of exposure (one-tailed Fisher's exact test: p o0.001) at concentrations corresponding to the assumed 2RD and both RD and 2RD (Table 2) , most likely due to the longer exposure period.
These results illustrate the importance of studying combined environmental compartments to increase ecological realisms in risk assessment evaluations on soil-water interface environments, as well as to evaluate the potential of contaminants to be mobilized into aquatic systems from the soil compartment.
Potato crop scenario -terrestrial biota soil compartment
After the application of ethoprophos at 2RD and daily irrigation during 10 days, the soil from the pesticide application area (R) caused 100% mortality of adult collembolans (1-way ANOVA: F 8,27 ¼ 155.4, p o0.001; Dunnett's test: po0.05), and significant effects on adult earthworms survival (1-way ANOVA: F 8,27 ¼53.8, p o0.001) originating no offspring at both concentrations tested (PR100% -2RD and PR50% -RD, Figs. 2 and 3) . The remaining adults showed a significant decrease of initial biomass (1-way ANOVA: F 8,27 ¼58.7, p o0.001) of approximately 60% at both concentrations (R50% and R100%; Fig. 3) .
The same high toxicity results were observed at both tested concentrations for collembolan reproduction in soil from BR areas where no pesticide was applied. Significant negative effects on adult earthworm reproduction for the same soil area (1-way ANOVA: F 8,27 ¼12.3, p o0.001) were also observed with only an average of 20-30 juveniles at both concentrations versus the 59 juveniles in the Control SWS soil (Fig. 3) . These negative effects on earthworm reproduction are in agreement with the previously reported EC 50 of 8.3 mg kg À 1 dw soil (see Section 2.4). In spite of no pesticide residues were detected in soil from BR area (Table 1) , its detection in elutriates may illustrate the availability of ethoprophos to terrestrial invertebrates through the soil pore water which is the main uptake source for these organisms (EFSA, 2009; Styrishave et al., 2008) , given that elutriates can be a measure of the soil retention function, i.e., on the potential of contaminants to move to the water compartment. The observed negative impact on collembolan from soil from the R and BR area are in agreement with the previously calculated ethoprophos EC 50 of 0.027 mg kg À 1 dw soil (see Section 2.4), a value much lower than the measured concentration of 10.5 mg a.i. kg À 1 dw soil in R area and the limit of quantification of 0.03 mg a.i. kg À 1 dw soil for the BR area (Table 1) . In terms of lethal toxicity to adult earthworms after 4-weeks exposure to soil from R area, the mortality effects of 68% and 25% at 2RD and the assumed RD (100% and 50% concentrations, respectively) were observed at lower concentrations (10.5 mg a.i. kg À 1 dw soil at the 100% concentration) than the reference value using the same formulated product (14-d LC 50 ¼39.6 mg kg attained at a minor duration (14 days) than the present study assay (28 days). At the soil area where no pesticide was applied (BR), adult earthworms survival was not significantly affected at RD and 2RD, as well as their initial biomass (Dunnett test p ¼0.995) (Fig. 3) . Furthermore, a significant increase of initial biomass was observed at 100% concentration corresponding to the 2RD (PBR100%; Fig. 3 ). Other author has registered this positive effect on the earthworm biomass when studying short-term toxicity endpoints, such as survival that depends on dermal uptake, when exposed to organophosphates (De Silva et al., 2009) . Although classifying effects of pesticides within the same chemical group must be done with special attention to the pesticide individual performance and to the biology of the organism (Wang et al., 2012) , in the present study the low ethoprophos concentration in natural soil (oLOQ ¼0.03 mg kg À 1 ) may have led to enhanced food intake of earthworms resulting in biomass increase (Fig. 3) . Soil from the R area proved to be more toxic for earthworm reproduction than the surrounding area (BR) and no evident differences were observed between the 50% and 100% concentrations, which mimic RD and 2RD, respectively (Fig. 3) .
Potato crop scenario -aquatic biota and water compartment
In spite of ethoprophos strong adsorption to soil particles, the soluble fraction component of the pesticide moved to the water compartment through leaching and runoff as well as elutriates (Table 1) , illustrating the potential of the pesticide to be mobilized into the aquatic systems.
Leachate waters caused high toxicity to D. magna after the 48-h exposure assay with an LC 50 of 27.5% (Table 2) . Taking into consideration the measured pesticide concentration of 630 μg L À 1 (Table 1) Nevertheless, the observed high toxicity of leachates (4 80% mortality) towards the cladoceran during the 72-h sublethal assay (Table 2 ; after 24-h exposure at all concentrations and after 72-h exposure at 25% and 50% concentrations; one-tailed Fisher's exact test: p o0.0004) corresponds to concentrations simulating the application of 1/2RD, RD and 2RD showing the potential risk of groundwater contamination under the simulated realistic scenario for potato crop using the nematicide ethoprophos.
The application of the tested formulation (granules at 2RD -20 kg a.i. ha
) can result in a quite persistent presence of ethoprophos in water (Robinson et al., 1999 ) and as such, pose a threat to aquatic life namely microcrustaceans that occupy an important position in food webs (Gustafsson et al., 2010; Warming et al., 2009) . The observed high lethal effects (100% mortality) towards D. magna after the 48-h and 72-h exposure assays (one-tailed Fisher's exact test: p o0.001) with runoff waters at the simulated 2RD (100% concentration) and less (Table 2) directly with the pesticide use, such as freezing procedures related to sample treatment prior to the bioassays performance may have influenced the observed ecotoxicological response, as discussed for the Maize scenario (see Section 3.3.2). However, a toxic response was observed and as such, runoff after the rainfall as a surface waters contamination pathway simulated at the potato based exposure realistic "worst-case" scenario with the application of ethoprophos may possibly cause negative effects towards the aquatic communities.
Taking into account the soil retention function through the aqueous extract (elutriates) where the soluble components of the pesticide are present, aquatic toxicity results (Table 2) differ from terrestrial results where both areas (R and BR) revealed to be toxic for collembolan and earthworms populations (see Section 3.3.3). Only elutriates from soil R area showed high aquatic toxicity after 48-and 72-h exposure (48-h LC 50 ¼10.6% and 100% mortality, onetailed Fisher's exact test: po 0.001, respectively), while no effects on D. magna were observed on elutriate from BR soil area where no pesticide was applied ( 
Conclusion
The application of twice the recommended dosage of the insecticide ethoprophos, representing possible misuse under the simulation of crop-based scenarios (maize and potato) affected negatively the reproduction of terrestrial organisms exposed to soil, and reduced survival of aquatic invertebrates exposed to leachate and elutriates waters. Leachate proved to be an important transfer pathway of groundwater contamination by ethoprophos under realistic Mediterranean agricultural practices, as it resulted in the highest pesticide concentration in water samples from the maize and potato crop-based scenarios. Runoff was also considered as a relevant contamination pathway for the pesticide ethoprophos, although the observed toxic effects on the aquatic cladoceran from low pesticide concentrations were possibly due to other factors than those resulting from the pesticide use. Ethoprophos exposure in the potato crop scenario caused more toxic effects on non-target terrestrial and aquatic organisms than in the maize scenario at pesticide concentrations mimicking the recommended dosage and lower (1/2 RD). This may be expected since the application dosage in potato is 10 times higher than the dosage needed for treating maize crops against soil insects. The observed movement, associated with water flow during irrigation, transporting the pesticide from row areas where it was applied to the surrounding area, supports the idea that ethoprophos moved horizontally and possibly causing toxic effects on the surrounding terrestrial non-target communities. Moreover, the present study showed that groundwater may be at risk in irrigated agricultural fields with maize and potato crops and that terrestrial communities may be under threat when pesticide fate and effects are assessed using natural soil. Pesticides fate under field realistic environmental conditions and their toxicity on biota should be taken into account when conducting future work on their fate and effects to contribute to their sustainable use.
